■ INTRODUCTION
Mercury (Hg) is a toxic element to humans and wildlife, especially in its methylated forms. 1 Modern anthropogenic Hg emissions (∼2000 Mg y −1 ) 2 outweigh natural volcanic emissions (76−300 Mg y −1 ) 3, 4 by an order of magnitude. 5 Gaseous elemental mercury (GEM), the dominant Hg form in the atmospheric boundary layer, is relatively unreactive, leading to a long atmospheric lifetime of 6−12 months and wide dispersal of GEM across the globe. 6 Atmospheric GEM can be oxidized to soluble and short-lived gaseous oxidized Hg (GOM) species that may adsorb to aerosols to form particulate bound Hg (PBM). GOM and PBM are readily transferred back to the Earth's surface via wet (i.e., rain and snow fall) and dry deposition, thereby providing substrate to microbial Hg methylation in aquatic ecosystems. 7, 8 Dry deposition includes foliar uptake of GEM and GOM, surface sorption of GEM and GOM to vegetation and soil, dissolution of GEM and GOM in water bodies, and gravitational deposition of PBM. 7 Wet deposition of Hg is well-constrained relative to dry deposition, yet occurs only 2−5% of the time in terms of meteorological conditions globally, while dry deposition occurs almost continuously (95−98% of the time). 7 Dry deposition of GOM, PBM and in particular GEM is notoriously difficult to assess because it occurs at slow rates, and is a net balance between dry deposition and re-emission from soil and vegetation surfaces. 8, 9 Diverse field studies have investigated GEM transfer between atmosphere and continents and find evidence for both net GEM dry deposition or net GEM emission depending on factors such as light radiation (seasonal and diurnal cycles), temperature, GEM concentration and canopy wetness. 10−15 While GEM dry deposition has been suggested to be significant in the global Hg mass balance, 16 the variability in GEM dynamics complicates the determination of a net annual balance (−513 to +1353 Mg a −1 uncertainty range). 17 Mercury's seven stable isotopes fractionate both mass dependently (MDF) and mass independently (MIF) during partial Hg transformations and Hg source mixing. This gives rise to five useful isotope signatures, δ 202 Hg, Δ 199 Hg, Δ 201 Hg, Δ 200 Hg, and Δ 204 Hg, that reflect different Hg sources and/or processes. 18, 19 All investigated biogeochemical Hg transformations display mass dependent Hg isotope fractionation (MDF, represented by δ 202 Hg). 19 Large odd Hg isotope mass independent fractionation (MIF, Δ 199 Hg, Δ 201 Hg) is predominantly photochemical in origin 20 with a minor and unclear role for nuclear field shift effects. 21, 22 The mechanism of even isotope Hg MIF (Δ 200 Hg, Δ 204 Hg), which is characteristic of rainfall Hg, 23, 24 is not understood. Absence of even isotope MIF during biogeochemical Hg transformations at the Earth's surface 19 and the observation of large positive Δ 200 Hg in precipitation from air masses with an upper atmospheric origin has led to the idea of an upper atmospheric (tropopause, i.e. boundary between troposphere and stratosphere at 5−10 km altitude) origin for Δ 200 Hg. 24 The objective of this study was to investigate the dominant Hg deposition processes to peat bogs. We therefore examine Hg deposition fluxes and Hg stable isotope signatures of wet deposition, atmospheric GEM and reactive Hg (combined GOM+PBM) fractions, sphagnum mosses and peat in a peat bog ecosystem in the French Pyrenees and at the upwind Pic du Midi Observatory.
■ EXPERIMENTAL SECTION
Sampling Sites. The Pinet peat bog (42°52′ N, 1°58′ E) is located in the French Pyrenees at 880 m elevation ( Figure 1 ).
The surface of the peat bog is presently covered by sphagnum, calluna and pines. Annual precipitation in the area is 1161 mm (average for the period 2010−2013). The Pinet bog is 5 mdeep, representing 10 000 years of peat accumulation.
The Pic du Midi observatory (42.94°N, 0.14°E) is located in the French Pyrenees at 2877 m elevation ( Figure 1 ). Atmospheric Hg concentration (GEM, GOM, and PBM) is monitored at this site using a Tekran 2537/1130/1135 system. 25 Peat Sampling. Three peat cores were sampled in September 2010 at the Pinet peat bog using a Wardenaar corer. The upper 20 cm peat profiles are presented and compared to fresh Sphagnum samples from the same sites (upper 25 cm for core C). Frozen peat cores were sliced into 1 cm layers, and one-quarter of each slice was dedicated to Hg concentration and isotope measurements. The three peat cores were measured for 210 Pb, 137 Cs and 241 Am activities by Gammaspectrometry and dated assuming a constant rate of supply of 210 Pb (see Supporting Information (SI), Figure S1 ). Dry bulk density was determined in all peat layers to allow the calculation of peat accumulation rate (in g m −2 y −1 ).
Rain Water Sampling. During the summer of 2014 (July 10th to August 19th), thirteen 40 cm diameter polypropylene buckets were installed on top of the opaque covers in order to collect event based wet precipitation samples. To avoid any loss of Hg by photochemistry, rain samples were recovered within 3 h following each rain event. Rain samples were transferred into precleaned Pyrex glass bottles (1 and 2 L volume). Each bucket was rinsed with MQ water between all sampling events.
All rain samples were then oxidized by adding 0.1−1% BrCl until the samples remained slightly yellow (BrCl in excess), and kept refrigerated before processing.
Air Sampling. Gaseous elemental mercury (GEM) was sampled at the Pinet site during the same period by pumping air through iodated carbon traps. 25 Two pumps were installed in parallel 20 cm above the bog surface, with flow rates of approximately 1.5 and 2.5 L·min −1 . One of the iodated carbon traps was preceded by a quartz filter. A polyethersulfone cation exchange membrane (CEM) filter (Sterlitech, 0.45 μm pore size, 47 mm diameter) preceded the parallel iodated carbon trap to allow determination of gaseous oxidized mercury (GOM) plus particulate bound mercury (PBM) concentrations, following protocols by Huang et al. 26 An air volume of 91 m 3 was sampled through the CEM at Pinet site. Iodated carbon traps were changed every 6−8 days, and we collected a total of 10 GEM samples (five from each pump line). Iodated carbon traps might integrate some GOM as well, especially for those preceded by the quartz filter. However, because of the very low proportion of GOM compared to GEM in the atmospheric boundary layer (<5%), 27 we consider these samples as GEM. Ten additional GEM samples were taken at the Pic du Midi Observatory using chlorinated carbon traps. 25 Experimental Design and Sphagnum Sampling. In December 2011, five experimental plots were installed at the Pinet peat bog: two opaque PVC covers (1 × 1 m, 8 mm thick, no light transmission) and one tempered glass cover (2 × 1 m, 8 mm thick, UV-A and visible wavelengths transmitted) were installed at a height of 30 cm above the peat bog. The covers excluded wet deposition from reaching underlying sphagnum, while ambient air was able to circulate freely. Two 1 m 2 areas left open were used as a control. Sphagnum samples were collected 9 times from December 2011 to July 2014 from designated areas under these plates in all plots. Care was taken to avoid resampling of the same area within a plot over the three-year period. Additionally, Pine needles, calluna leaves, and epiphytic lichens were sampled in July 2014 at the same site.
Hg Concentration Measurements. Freeze-dried peat, sphagnum, pine needles and calluna leaves samples were analyzed for total Hg concentration with a Milestone Direct Mercury Analyzer (DMA 80). The DMA 80 was calibrated using coal (NIST1632d) and lichen (BCR482) CRMs. Accuracy and long-term reproducibility was assessed by replicate measurements of CRMs (NIST1632d, BCR482, and NIMT peat). Results were not statistically different from certified values, with Hg concentrations of 91.6 ± 8.2 ng g −1 for NIST1632d (1σ, n = 112, certified value 92.8 ± 3.3 ng g −1 ), 472 ± 12 ng g −1 for BCR482 (1σ, n = 72, certified value 480 ± 20 ng g −1 ) and 158 ± 8 ng g −1 for NIMT (1σ, n = 22, certified value 164 ± 20 ng g −1 ).
Rain water was analyzed by cold vapor atomic fluorescence spectroscopy (CV-AFS). CV-AFS was calibrated using a diluted NIST3133 solution (0.1 μg L −1 ) and ORMS-5 CRM (certified value 26.2 ± 1.3 ng L −1 ).
The GOM+PBM fraction sampled on the cation exchange membrane filter was dissolved in a 20% inverse aqua regia solution. The solution was then also analyzed by CV-AFS. The GOM+PBM sample from the Pinet peat bog, however, was found to be below the method detection limit. This suggests GOM+PBM concentrations below 2.8 pg m −3 over the Pinet peat bog.
Sample Procedures for Hg Isotope Measurements. Hg stable isotopes were measured when sufficient material was available. The first 10 cm of peat core C contained a very low amount of material (<10 ng of Hg per slice) and could not be analyzed for Hg isotopes. Hg was then extracted using a combustion and acid trapping method, 28 with extraction yields in the range 85−110%. An adapted combustion method was used for iodated and chlorinated carbon traps to remove any volatile halogen compounds. 25 Extractions of iodated carbon traps loaded with known amounts of Hg gave yields of 90 ± 4% (n = 3).
Hg from rainwater was reduced by progressive addition of 100 mL of a 10% SnCl 2 solution in 1 L samples, purged by bubbling Hg free argon (∼300 mL min −1 ) and preconcentrated in an oxidizing solution, following the protocol of Sherman et al. 29 Samples consisting of more than 1L were processed in several steps, using the same oxidizing solution. Preconcentration yields were in the range 95−105% (n = 9). For both the combustion and the liquid preconcentration methods, we used a 40% (v/v) inverse aqua regia (HNO 3 /HCl, 2:1) solution as the oxidizing trap solution. Buckets rinsed with mQ water and processed as samples gave blank values below 0.2 ng (n = 2), which represents less than 3% of Hg in rainwater samples.
Hg Isotope Measurements. Prior to analysis, all solutions were adjusted to an acid concentration of 20% (v/v). Sample solutions were then analyzed for Hg isotope ratios by cold vapor−multicollector inductively coupled plasma mass spectrometry (CV-MC-ICPMS) using a Thermo-Finnigan Neptune at Midi-Pyrenees Observatory (Toulouse, France). Isotopic ratios were corrected for mass bias by sample bracketing using the international standard NIST SRM 3133. 28 Results are reported as δ-values, representing deviation from the bracketing standard and expressed in permil (‰): Long-term reproducibility of measurements was assessed by analyzing UM-Almaden, ETH-Fluka and the procedural standards (SI Table S1 ): coal (NIST2685b, n = 5), peat (NIMT, NJV942, n = 5 and 3 respectively) and lichen (BCR482, n = 6). UM-Almaden displayed δ 202 Hg and Δ 199 Hg of −0.57 ± 0.11‰ and −0.04 ± 0.06‰ (2σ, n = 46) respectively, and ETH-Fluka had δ 202 Hg and Δ 199 Hg of −1.43 ± 0.14‰ and 0.08 ± 0.06‰ (2σ, n = 57). Reproducibility of the rainwater preconcentration method was assessed by preconcentrating Hg from diluted NIST3133 solutions (n = 3, initial Hg concentrations of 5, 10, and 15 ng L −1 ). Solutions were then measured for Hg isotope ratios. The variability in the δ-values obtained was lower than for procedural coal, peat and lichen SRMs (SI Table S1 ). Samples were analyzed repeatedly over different session until their longterm reproducibility was the same (or better) as the procedural SRMs. The uncertainties reported in Figure 2 and SI Figures S2−S4 are the highest 2σ values on procedural SRMs (SI Table  S1 ), found for NIMT peat SRM (for δ 202 Hg, Δ 200 Hg and Δ 204 Hg) and BCR482 (for Δ 199 Hg and Δ 201 Hg).
■ RESULTS AND DISCUSSION
Hg Deposition Mass Balance. Three 210 Pb dated peat cores from the Pinet peat bog (see SI Figure S1 . 31 Recent HgAR at the Pinet bog and at Northern hemispheric peat bogs in general is therefore a factor 3 to 4 times higher compared to wet Hg deposition alone. 32 Downward mobilization of 210 Pb has been proposed to explain such elevated HgARs due to an overestimation of peat mass accumulation. 32, 33 At Pinet however we observe good correspondence between 210 Pb, 137 Cs, and 241 Am chronologies. The profile of 137 Cs activity in core B shows a maximum in a peat layer corresponding to 1981−1986 deposition (SI Figure  S1) , consistent with the Chernobyl accident. In the other two cores, no peak in 137 Cs activity was determined. Cores A and C however presented measurable 241 Am activity in layers dated at 1958−1971 (core A) and 1916−1974 (core C), where core A has sufficient resolution to argue for a good correspondence with nuclear weapons testing in the 1960s.
We propose an alternative hypothesis for the elevated HgAR at Pinet and in peat globally by considering a significant contribution from Hg dry deposition to Hg accumulation in peat. The objective here is to test that hypothesis using Hg stable isotopes. For this purpose, we first assume that the calculated HgAR of 34 ± 8 μg m −2 y −1 is not biased by 210 Pb issues, implying that Hg dry deposition to the Pinet peat bog exceeds Hg wet deposition of 9.3 ± 5.3 μg m −2 y −1 . Hg dry deposition is a broad term that includes gravitational PBM deposition, surface sorption of the gas phase GOM and GOM forms and foliar uptake of GEM by stomata and porous cell walls.
We measured GOM+PBM concentrations at Pinet. Manual GOM+PBM sampling using cation exchange membranes 26 indicated GOM+PBM to be below the method detection limit (<2.8 pg m −3 ), defined as three times the standard deviation of the cation exchange filter blank and taking into account the 93 m 3 of filtered air. Low GOM+PBM levels <2.8 pg m −3 are typical of continental, forested sites, for example, median North American levels of GOM and PBM are 1.2 and 2.9 pg m −3 . 34 Observations of GOM and PBM dry deposition velocities over vegetation show a large variability (0.2−7.6 cm s −1 for GOM and 0.02−2.1 cm s −1 for PBM). 10 Model based (GEOS-Chem) estimates of global GOM and PBM dry deposition velocities fall in the midrange of observations, that is, 0.93 and 0.11 cm s −1 for GOM and PBM respectively. 35 Based on this range of dry deposition velocities and our detection limit, we estimate dry deposition of GOM + PBM to the Pinet bog to be in the range of 0 to 7 μg m −2 y −1 , and most likely around 0.4 μg m −2 y −1 (assuming that GOM and PBM both account for half of the GOM+PBM fraction and using model based deposition velocities, Table 1 ). The most likely dominant deposition pathway is therefore GEM dry deposition to peat surface vegetation, by foliar uptake, which has been shown previously to be capable of exceeding Hg wet deposition in vegetated ecosystems 36−38 (Table 1) .
Hg Isotope Composition of Sphagnum and Atmospheric Hg. We first examined the Hg isotope composition of atmospheric GEM, and Hg wet deposition at Pinet and 150 km upwind at Pic du Midi Observatory. Figure 2 and SI Figure S2 show that GEM and Hg wet deposition have substantially different δ 202 Hg, Δ 199 Hg (and Δ 201 Hg), and Δ 200 Hg (and Δ 204 Hg). Odd Hg isotope anomalies are found to be positive in wet deposition (Δ 199 Hg = 0.72 ± 0.15‰, 1σ, n = 9), and slightly negative in GEM (Δ 199 Hg = −0.17 ± 0.07‰ at Pinet and −0.25 ± 0.09‰ at the Pic du Midi, 1σ, n = 10 for both). Even Hg isotope anomalies also indicate a difference between wet deposition (Δ 200 Hg = 0.21 ± 0.04‰, 1σ, n = 9) and GEM (Δ 200 Hg = −0.05 ± 0.02‰ at Pinet and −0.05 ± 0.04‰ at the Pic du Midi, 1σ, n = 10 for both). These observations are broadly in agreement with global GEM isotopic observations (negative Δ 199 Hg, close to zero Δ 200 Hg and Δ 204 Hg) 23, 25, 39, 40 and rainfall Hg (positive Δ 199 Hg, positive Δ 200 Hg, negative Δ 204 Hg). 23, 24, 39, 41 The frequently reported positive anomalies in Δ 200 Hg are thought to originate from the upper atmosphere during the oxidation of GEM. 24 As observed by Demers et al., 39 we find that Δ 200 Hg and Δ 204 Hg are inversely correlated (SI Figure S3 ), suggesting that they are both generated by the same process.
Living sphagnum moss has similar Δ 199 Hg, Δ 200 Hg, Δ 201 Hg and Δ 204 Hg as GEM (Figure 2 , SI Table S2 ). Sphagnum δ 202 Hg is however −2.4‰ lower than GEM δ 202 Hg of 1.2 ± 0.1‰ (1σ, n = 10). Pooled samples of pine needles, Calluna (heather) North America (n = 93) 31 9.5 ± 4.2 Europe (n = 13) 30 6.8 ± 3. Figure 2B and SI Figure S2B , Table  S2 ). Similar to aspen foliage observations, 39 odd isotope MIF signatures in sphagnum may be affected by photochemical Hg reduction on wet sphagnum leaf and stem surfaces. We observe that sphagnum Δ 199 Hg and Δ 201 Hg (−0.11 ± 0.09 and −0.17 ± 0.09‰) closely track GEM Δ 199 Hg and Δ 201 Hg (−0.17 ± 0.07 and −0.16 ± 0.08‰), suggesting that Δ 199 Hg and Δ 201 Hg also predominantly reflect a GEM source. Photochemical foliar Hg reduction in sphagnum is however not negligible, based on small but significant differences between sphagnum vs GEM even and odd isotope MIF (see SI Figure S4 ). The combined GEM, wet deposition and sphagnum Hg isotope observations lead us conclude that GEM dry deposition to sphagnum moss is the major pathway of atmospheric deposition to Pinet sphagnum. The Hg stable isotope signatures of pine needles, heather leaves and lichens collected at Pinet (SI Table S2 , Figure 2 ) indicate a major contribution from GEM dry deposition as well.
Hg Deposition Field Experiment. Sphagnum moss grown under the opaque cover display similar Hg concentrations (49 ± 14 ng g −1 , 1σ, n = 15) as the adjacent uncovered control plot (39 ± 7 ng g −1 , 1σ, n = 19) (SI Figure S5) , and with broadly similar Δ 199 Hg, Δ 204 Hg (t test p > 0.05), and Δ 200 Hg, Δ 201 Hg (similar, though p < 0.05) as atmospheric GEM ( Figure  2 and SI Figure S2 , Table S2 ). Among the five different Hg isotope signatures (δ 202 Hg, Δ 199 Hg, Δ 200 Hg, Δ 201 Hg, Δ 204 Hg), all were significantly different from control to opaque-covered sphagnum (all t tests p < 0.05). Glass-covered sphagnum also displays Hg stable isotope signatures distinct from control sphagnum (t tests p < 0.05, except for Δ 204 Hg). These observations suggest that covering sphagnum with transparent or opaque surfaces affect sphagnum Hg isotope composition.
Control sphagnum shows higher δ 202 Hg, Δ 199 Hg, and Δ 200 Hg compared to covered sphagnum (Figure 2 and SI Table S2 ). While δ 202 Hg and Δ 199 Hg signatures are potentially altered by photochemical processes, the difference in the conservative Δ 200 Hg signature indicates a lower contribution from Hg wet deposition in covered sphagnum plots, coherent with a reduction of rainfall due to the presence of a surface cover.
UV-radiation is known to induce photochemical odd isotope Hg MIF in aquatic systems 20 and possibly on wet vegetation. 39 A comparison between opaque and UV-transparent glass covered plots did not reveal significant differences in sphagnum Δ 199 Hg or Δ 201 Hg (nor δ 202 Hg, Δ 200 Hg, and Δ 204 Hg, all t tests had p > 0.05). Similar to our observations on control sphagnum plots, Δ 199 Hg of UV-transparent and opaque covered plots are 0.1‰ lower than expected from binary mixing between Hg wet deposition and GEM dry deposition (see SI Figure S4 ). This might indicate that while in-sphagnum Hg photoreduction occurs, incident light is not the limiting factor for this reaction.
Unlike previous studies on vascular plant foliage, 42, 43 we did not find any strong seasonal variation in sphagnum Hg concentration (SI Table S2 and Figure S5 ). Seasonal variations in sphagnum Hg isotope composition were not observed for covered sphagnum either (glass or opaque, Figure 2 and SI Table S2 ). A comparison of control sphagnum collected during spring-summer times with fall-winter reveals some seasonal variations (SI Table S2 , t test p < 0.05 for δ 202 Hg, Δ 199 Hg, Δ 200 Hg, and Δ 201 Hg). These differences seem to indicate a larger contribution of Hg wet deposition in the spring-summer period compared to fall−winter. The uptake of GEM by foliage is known to vary seasonally. 14 However, the growing period (spring−summer) is usually characterized by higher GEM uptake, which contrasts with our observations. Seasonal trends in Hg wet deposition have been reported as well, with higher Hg deposition in summer than in winter. 44−46 This could have caused the slightly higher sphagnum Δ 199 Hg and Δ 200 Hg in summer compared to winter.
Acrotelm and catotelm peat display similar odd (Δ 199 Hg of −0.19 ± 0.05 and −0.23 ± 0.06‰, 1σ, n = 12 and 22 respectively) and even (Δ 200 Hg of 0.01 ± 0.04 and 0.00 ± 0.04‰ respectively) Hg isotope anomalies (t test p > 0.05, see SI Table S2 ). A significant difference in δ 202 Hg is however noted (−1.33 ± 0.22‰ for acrotelm and −1.49 ± 0.14‰ for catotelm peat, t test p < 0.05), with catotelm peat slightly enriched in light Hg isotopes compared to acrotelm (SI Figure S6 ). Postdepositional processes were suggested to modify peat Hg stable isotope composition, 47 with enrichment in heavy Hg isotopes caused by microbial reduction 48 or abiotic reduction by organic matter. 22 These reactions are however opposite to our observation of lower δ 202 Hg in more decomposed peat (SI Figure S6 and Table S2 ). Variations in δ 202 Hg can however be related to temporal changes in atmospheric Hg stable isotope signatures. We find that peat Hg isotope signatures (both acrotelm and catotelm) are similar to winter sphagnum (t test p > 0.05 for Δ 199 Hg, Δ 200 Hg, Δ 201 Hg, and Δ 204 Hg), probably because peat is formed by decomposition of sphagnum after senescence in winter.
Hg Isotope Mass Balance. We use a binary isotope mixing model based on the conservative Δ 200 Hg and Δ 204 Hg signatures (see SI) to calculate that 21 ± 9% (7.0 ± 3.3 μg m −2 y −1 ) of net Hg accumulation by sphagnum (control plots, winter time) is from Hg wet deposition and 79 ± 9% (27 ± 13 μg m −2 y −1 ) from GEM dry deposition (Figure 3 ). The former is compatible with measured Hg wet deposition of 9 μg m −2 y −1 at Pinet (Table 1) . Such low contribution from Hg wet deposition is consistent with an estimated 16% contribution of rainfall Hg to forest floor Hg in the aspen study, 39 and about 33% in a subalpine grassland (and 67% for GEM dry deposition, corresponding to more than 20 μg m −2 y −1 ). 36 The consistency we find between the mass balances based on Hg deposition and on Hg stable isotopes argue against a large overestimation of HgAR due to inaccurate 210 Pb dating. 32, 33 Slightly higher GEM dry deposition contributions of 88 ± 7% and 83 ± 8% are found for opaque and glass-covered sphagnum, respectively.
The substantial dry deposition of GEM that we infer from the Δ 200 Hg and Δ 204 Hg isotope mixing models is also reflected in ambient GEM concentrations and GEM δ 202 Hg at the Pinet peat bog. Mean GEM concentration at Pinet (1.2 ± 0.2 ng m −3 , 1σ, n = 10) is significantly lower than the regional background GEM level in the Pyrenees Mountains, as observed at the nearby Pic du Midi (1.5 ± 0.3 ng m −3 ) and 14 other European sites (median GEM of 1.7 ng m −3 ). 27 Pinet GEM δ 202 Hg of 1.2‰ is significantly enriched in the heavier Hg isotopes compared to Pic du Midi GEM δ 202 Hg of 0.6‰. Similar trends were observed in the Rhinelander aspen forest, with low total gaseous Hg (TGM ∼ GEM) levels of 1.0 ng m −3 and elevated TGM δ 202 Hg up to 0.93‰. 39 We use a Rayleigh fractionation model (see SI Figure S7 ) to calculate that a 0.3 ng m −3 decline (1.5−1.2 ng m −3 ) in GEM concentration at Pinet with an associated 0.6‰ increase (0.6−1.2‰) in GEM δ 202 Hg due to regional GEM dry deposition requires an isotope fractionation factor of −2.6‰. This fractionation factor is compatible with the observed Hg isotope fractionation between ambient GEM δ 202 Hg and sphagnum, pine needles, calluna leaves and lichens at the Pinet bog (−2.3 to −2.8‰), and with aspen leaves at the Rhinelander aspen forest (−2.9‰). 39 These coherent GEM and vegetation Hg concentration and isotope signatures imply that GEM dry deposition to vegetation is capable of substantially drawing down atmospheric GEM levels and reducing the atmospheric GEM lifetime. Such interaction between atmosphere and vegetation is supported also by strong spatial gradients in GEM across forests. 42 GEM concentration in a maple forest (1.4 ng m −3 ) was found to be 0.4 ng m −3 lower than at an adjacent (300 m) open area (1.0 ng m −3 ). 42 Together with GEM flux measurements over vegetation, 17 we therefore suggest that vegetated ecosystems are a net sink for atmospheric GEM.
Implications. Our findings suggest that the ombrotrophic Pinet peat deposit records predominantly atmospheric GEM dry deposition, rather than Hg wet deposition. Variations in past HgAR inferred from ombrotrophic peat records thus represent mainly variations in local GEM concentration. GEM dry deposition velocity may however be strongly affected by local vegetation and changes therein, impacting GEM uptake and therefore HgARs. 49 Such dependence of peat HgAR on vegetation would explain the commonly observed large variability in peat HgAR within a single peat bog. 50−52 Elevated HgAR in peat bogs, as compared to Hg wet deposition, has previously been attributed to bias in the 210 Pb chronometer due to 210 Pb mobility. 32, 33 Our findings suggest that elevated HgAR are essentially due to the overlooked GEM dry deposition flux.
Lake sediments have been extensively used as natural archives of atmospheric Hg deposition. 32,53−55 Lake sediments integrate Hg wet and dry deposition to the lake surface but also to the larger surrounding watershed. The average Δ 199 Hg and Δ 200 Hg found in freshwater surface sediments are −0.03 ± 0.13‰ (1σ, n = 371) and 0.02 ± 0.06‰ (1σ, n = 306) 19 respectively, and contrast with global Hg rainfall observations which display positive Δ 199 Hg (0.37 ± 0.25‰, 1σ, n = 105) and Δ 200 Hg (0.18 ± 0.15‰, 1σ, n = 105). As observed for the Pinet bog, a significant fraction of Hg deposited to lake sediments may therefore ultimately also derive from GEM dry deposition to vegetation and soils of the lake watershed, which is then transferred to the lake. 56 Δ 200 Hg mass balance using the above global rainfall end-member and global GEM end-member (Δ 200 Hg = −0.05 ± 0.04‰, 1σ, n = 69) suggests that 63 ± 28% (1σ) of freshwater sediment Hg is derived from GEM dry deposition to the watershed. The contribution of GEM dry deposition to freshwater sediments however likely depends on watershed characteristics (size, erosion, water flow), as suggested by the large variability we infer from the mass balance approach (1σ = 28%).
Globally, most terrestrial samples (soils, foliage, litter, lichens) display negative δ 202 Hg (−1.3 ± 0.8‰, 1σ, n = 162) and Δ 199 Hg (−0.2 ± 0.2‰, 1σ, n = 163), and insignificant Δ 200 Hg (0.03 ± 0.04‰, 1σ, n = 119), 19 similar to our observations on sphagnum moss and peat. This further supports the idea that modern Hg deposition to vegetated ecosystems is dominated by GEM dry deposition. A global GEM dry deposition flux to continents that is three times larger than wet deposition results in a reduced lifetime of atmospheric GEM. A crude approximation of this effect can be calculated from global Hg mass budget and flux estimates of 5600 Mg (atmosphere), 1600 Mg y −1 (GEM dry deposition to continents), 2600 mg y −1 (Hg II deposition to continents), 7100 Mg y −1 (Hg deposition to oceans), and associated lifetime of 0.5 years. 6 Increasing GEM dry deposition to 3× the wellconstrained Hg wet deposition (to continents) value lowers the GEM lifetime to 0.33 years (4 months), which is consistent with lower bound estimates from global Hg models. 57 Deforestation by human activities over millennia has decreased global forest covered area by 50% 58 and therefore possibly affected global Hg cycling by reducing GEM exchanges between foliage and the atmosphere. Future archive and modeling studies should therefore explore the link between regional and global vegetation changes to HgAR.
